Background: Optimal preoperative treatment before colorectal cancer metastases (CRCM) resection remains unclear. This study evaluated pathological responses (pR) in CRCM resected after chemotherapy alone or combined with angiogenesis or epidermal growth factor receptor (EGFR) inhibitors.
Colorectal cancer is the second cause of cancer death in the Western World. Up to 50% of patients will develop metastatic disease and only 5% of these will survive more than 5 years (Edge et al, 2010) . Currently, oxaliplatin and/or irinotecan-based regimens, in combination with angiogenesis or epidermal growth factor receptor (EGFR) inhibitors, are mainstay treatments in the metastatic setting. It is not clearly established whether one combination is superior to another and the optimal sequencing of consecutive therapeutic lines is under study (Chibaudel et al, 2014; Schwartzberg et al, 2014; Heinemann et al, 2014b) .
Surgical resection of liver colorectal cancer metastases (CRCM) can improve patient outcomes with encouraging survival rates reaching 58% at 5 years (Abdalla et al, 2004) . Administration of preoperative systemic treatment before metastases resection is frequently used to increase the rate of curative resection (Adam et al, 2004a) . Moreover, preoperative chemotherapy allows the identification of non-responders for whom surgery may be contraindicated (Allen et al, 2003; Adam et al, 2004b) .
Several studies have shown that pathological response (pR) to preoperative treatment before liver CRCM resection strongly influences prognosis. Rubbia-Brandt et al (2007) reported a correlation between pR on resected metastases and overall survival (OS). Blazer et al (2008) confirmed these observations and revealed that pR on resected liver CRCM were improved when the preoperative chemotherapy was combined with bevacizumab. However, optimal preoperative treatment combinations before CRCM resection are still unclear. In this retrospective study, we explored this issue by comparing the rate of pR observed on CRCM resected after different chemotherapy regimens with or without anti-angiogenic or anti-EGFR targeted therapies (TT).
MATERIALS AND METHODS
Patients. This retrospective study was performed at Grand Hôpital de Charleroi and Cliniques Universitaires Saint-Luc (Belgium). Ninety-nine patients with colorectal adenocarcinoma with liver and lung metastases were included. All underwent surgical resection with a curative intent of their CRCM after preoperative treatment between 2003 and 2011 (Table 1) . Patients preoperatively treated with regimens that did not contain oxaliplatin or irinotecan, or those who received concomitant or consecutive oxaliplatin and irinotecan-based regimens, were not eligible. In case of metachronous CRCM for patients having received previous systemic treatment, a minimum of 6 months disease-free period without chemotherapy was required for inclusion in this study. Previous use of TT (anti-VEGF or anti-EGFR) was not allowed. Progression-free survival (PFS) was calculated from the start of preoperative treatment to the date of disease progression or to the latest follow-up visit. Overall survival was calculated from the same initial time point and death. The study was approved by local ethical committees and conducted in accordance with the Helsinki Declaration of the World Medical Association. Considering the non-interventional retrospective design, patient's informed consent was not required.
Pathological response assessment. Pathological evaluation was performed on hematoxylin and eosin stained slides from formalinfixed paraffin-embedded 0.5 mm sections of 264 metastases. All slides were examined by two independent pathologists. Pathological response was scored for each CRCM according to the methodology and classification proposed by Rubbia-Brandt et al (2007) for liver metastases. This scoring identifies five tumour regression grades (TRG) based on the presence of residual tumour cells and the extent of fibrosis. By analogy with tumour response evaluation based on imagery and to improve the clinical relevance of pR assessment, we grouped the five TRG scores into three categories: (1) no pR corresponded to TRG 5 or 4 as confirmed by the TRG evaluation on a control group of patients whose metastases were resected without preoperative treatment (Supplementary Figure 1 ), (2) minor pR (TRG 3), and (3) major or complete pR (TRG 2 or TRG 1). Pathological responses were analysed at two levels: (1) the metastasis-related analysis considered TRG of each individual metastasis and, (2) the patient-related analysis considered all metastases from one patient and retained the worse pR (highest TRG) to determine the patients' pR status.
Radiological response assessment. Computerised tomography (CT) or magnetic resonance imaging (MRI) procedures were available for 90 of the 99 preoperatively treated patients. Responses to preoperative treatment were evaluated according to response evaluation criteria in solid tumours (RECIST) version 1.1 and defined as complete response (CR), partial response (PR), stable disease (SD) and progressive disease (Eisenhauer et al, 2009 ). Initial radiographies before preoperative treatment were compared with those obtained at the end of treatment, before surgery, with a maximum delay of 3 months from the last chemotherapy administration.
Serum carcinoembryonic antigen (CEA) monitoring. Serum CEA values during preoperative treatment were available for 68 of the 99 included patients. Initial values before preoperative treatment were compared with those obtained during or at the end of treatment, before surgery, with a maximum delay of 3 months from the last chemotherapy administration.
Statistics. Multiple Kruskal-Wallis or Mann-Whitney tests were used to compare TRG distribution among the resected metastases. Overall survival and PFS were estimated using the Kaplan-Meier method and compared using the Log-rank test. A two-tailed P-value of o0.05 was considered statistically significant. An uni-and multi-variate Cox regression analysis of factors potentially associated with OS was also performed. SAS version 9.3 software (SAS Institute Inc., Cary, NC, USA) and UCLA Statistics Online Computational Resource (www.socr.ucla.edu/SOCR.html) were used for statistical analyses. Table 1 . All preoperative treatments were either oxaliplatin or irinotecanbased chemotherapy. Fifty-eight patients received combinations with an anti-angiogenic (bevacizumab, n ¼ 41; cediranib, n ¼ 2) or an anti-EGFR TT (cetuximab, n ¼ 11; panitumumab, n ¼ 4). All patients treated with anti-EGFR TT had no KRAS exon 2 mutations. Overall, the predominant preoperative treatment was FOLFIRI plus bevacizumab. There was disparity concerning the number of cycles administered preoperatively (range 1-19), and considerable heterogeneity with regard to the number of resected metastases per patient (1-20).
RESULTS

Cohort overview. Patients distribution and characteristics according to preoperative management is reported in
Preoperative treatment response evaluation
Pathological response assessment. Two hundred and sixty-four resected metastases from 99 preoperatively treated patients were reviewed. Ninety-seven per cent of all metastases were from the liver. Each metastasis was classified according to the TRG categories ( Figure 1A ).
In patients with multiple metastases, heterogeneous responses were observed after preoperative treatment. Among the 56 patients with 41 metastasis, 17 (30%) had heterogeneous TRG scores that varied by more than two grades from one metastasis to another ( Figure 1B) . Therefore, the influence of different preoperative treatments on pR was compared by a metastasis-related analysis at the metastasis level ( Figure 1C ).
After any preoperative treatment, 56% of the metastases achieved a pR and 30% of these involved a major or complete pR (data not shown). Overall, the addition of an anti-angiogenic or an anti-EGFR TT to a preoperative chemotherapy induced similar pR rates (62% and 63%, respectively). This pR rates tended to be higher to those observed after chemotherapy alone but significance was not reached (62%, 63% vs 45%; P ¼ 0.059; Figure 1C ).
An analysis distinguishing the chemotherapy backbone combined to the TT revealed that the addition of an anti-angiogenic to the oxaliplatin chemotherapy backbone was associated with a pR rate of 80% vs 48% for the same treatment without the the TT (Po0.001; Figure 1C ). The addition of an anti-angiogenic to the irinotecan chemotherapy backbone increased the pR compared with the same treatment without the TT, but the difference was not significant (50% vs 27%; P ¼ 0.132). Overall, a higher pR rate was obtained when the anti-angiogenic was combined with an oxaliplatin vs an irinotecan chemotherapy backbone (80% vs 50%; Po0.001). Similar analysis revealed that the addition of an anti-EGFR to the oxaliplatin chemotherapy backbone did not significantly increase the pR rate compared with the same chemotherapy administered alone (53% vs 48% P ¼ 0.778; Figure 1C ). When the anti-EGFR was combined with the irinotecan chemotherapy backbone, the pR rate was significantly increase related to the same treatment without the TT (72% vs 27% P ¼ 0.009). Overall, a higher rate of pR was obtained when the anti-EGFR was combined with an irinotecan vs an oxaliplatin chemotherapy backbone, but difference was weakly significant (72% vs 53%; P ¼ 0.049).
Concordances between pR, imagery and CEA variations.
To compare observed pR on resected CRCM with other approaches based on imagery and blood tumour biomarkers, evaluating tumour responses at the patient level, a patient-related analysis of pR was preformed. For each patient, a pR status was determined based on the worse TRG grade among all their resected metastases. Patients having a pR status p3 were considered responders (major or minor responses) and all others were deemed non-responders.
This analysis revealed that 51% of patients who had a PR or CR based on RECIST criteria (evaluated on CT scan or MRI) were considered as non-responders based on their pR status, and 47% of patients with radiologically SD responded based on Representative images corresponding to each grade are shown. Tumour regression grades 5 and 4 correspond to an absence of response, TRG 3 to a minor response and TRG 2 and 1 to major responses. (B) For the 56 patients having multiple resected metastases, heterogeneous TRG scores of more than 2 grades disparity among their different metastases were found in 30% of the cases. (C) Pathological response was evaluated in 264 available metastases resected from 99 patients after preoperative treatment, and pR distribution was reported for each administered treatment. Significant pairwise comparisons between the various regimens are noted (P).
their pR status (Figure 2A ). If the analysis was restricted to patients followed by MRI, only 35% of those having a RECIST response were considered as non-responders by the pathological approach, and 27% of those having a RECIST SD were responders based on their pR status. Serum CEA assessment revealed that among patients whose CEA decreased during preoperative treatment 38% were non-responders according to their pR status, and 13% of those with a stable or increasing CEA had a responder pR status ( Figure 2B) .
Pathological responses and OS. The influence of the patient's pR status on disease evolution was evaluated for the 99 included patients. Our analysis clearly revealed that patients who achieved a minor or major pR had an improved OS: 68% of patients with a responder pR status were alive 5 years after treatment onset vs 33% for non-responder patients (P ¼ 0.02; Figure 3A ). Progression-free survival was not significantly different between those two groups with 71% of patients with a responder pR status progressing after 5 years vs 86% for non-responder patients (P ¼ 0.26; Figure 3B ).
To identify factors associated with OS, we performed univariate and multivariate analyses ( Table 2) . The univariate analysis revealed that patient's pR status was the strongest predictor of OS (Po0.01). Macroscopic incomplete metastases resection (R2) and preoperative residual CEA serum level were also predictive of OS (P ¼ 0.01). Microscopic incomplete resection (R1) or RECIST responses were not predictive of OS. The only parameter that was predictive of OS following multivariate analysis was the patient's pR status (Table 2) .
DISCUSSION
The use of perioperative chemotherapy in mCRC patients engaged in a liver metastases resection strategy is a source of debate. FOLFOX is the only regimen evaluated in a randomised trial vs surgery alone, offering a modest improvement in PFS (Nordlinger et al, 2008 (Nordlinger et al, , 2013 .
In this retrospective analysis, we observed a higher proportion of pR when bevacizumab was combined with oxaliplatin-based regimens but not when it was given with irinotecan. Our findings support those of Blazer and colleagues who observed higher rates of major pR on resected liver metastases when bevacizumab was combined with FOLFOX preoperatively vs FOLFOX alone (54% vs 32%, respectively), and minor differences when bevacizumab was combined with FOLFIRI vs FOLFIRI alone (30% vs 26%, respectively) (Blazer et al, 2008) .
Radiological response rates reported after cetuximab combined with chemotherapy are higher than those observed after combination with bevazicumab (Heinemann et al, 2014a) . Nevertheless, this difference was not confirmed at the pathological level by recent publications (Pietrantonio et al, 2015; Stremitzer et al, 2015) . In accord with these publications, we did not observed differences on the pR rate after combination of preoperative chemotherapies with anti-angiogenic or anti-EGFR TT. A further analysis distinguishing the chemotherapy backbone associated to the anti-EGFR, suggested that irinotecan-based or oxaliplatin-based regimens may not be equivalent with a possible advantage for the association of the anti-EGFR TT with the irinotecan chemotherapy backbone. But, the small number of patients treated with anti-EGFR TT in our cohort and the lack of information regarding the prevalence of NRAS gene mutations among those patients, as they were treated before the recent extended RAS screening recommendations (Douillard et al, 2013) , did not allow formal conclusions.
In the current study, pR to a preoperative treatment has been set in parallel with observed radiological tumour responses and concordances between these two approaches was weak. Among patients having a SD on imagery, almost half of them presented pR on their resected metastases. Moreover, more than 50% of radiological responses were unconfirmed by the pathological approach, and these discordances were more frequent after CT scan evaluations than after MRI evaluations (Figure 2) . This warrants the use of MRI when liver metastases resection is foreseen (Heijmen et al, 2015) . Overall, these observations bring out the need to improve tumour responses evaluations procedures. The usage of metabolic imagery or the advent of new genetic tumour biomarkers offers hope for future improvements (Diehl et al, 2008; Siravegna et al, 2015) .
The present study also revealed that pR was frequently heterogeneous in a single patient. This has been also described by Gervaz et al (2010) who reported better pRs in liver metastases than in the primary tumour in patients treated with chemotherapy before resection. Intrinsic tumour heterogeneity could explain these diverging therapeutic responses across different tumour sites. Over the past few years, huge advances in tumour genetics, and characterisation of the tumoural microenvironment, have clearly demonstrated that intra-tumour heterogeneity is a reality that should be considered when evaluating therapeutic tumour responses (Junttila and de Sauvage, 2013) .
In conclusion, our retrospective analysis suggests that oxaliplatin or irinotecan-based-chemotherapies are not equivalent in terms of pR, when they are partnered with an anti-angiogenics or EGFR inhibitors. In our study, anti-angiogenic/oxaliplatin-based regimens and anti-EGFR/irinotecan-based regimens were associated with the highest pR rates. These exploratory observations must be validated by prospective randomised trials evaluating different chemotherapy partners that can be associated with anti-angiogenic or anti-EGFR TT before applying these findings in clinical practice.
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